Objective: The aim of this study was to investigate the extent of cortical bone remodeling between two different drilling protocols by means of histomorphometric, µ-CT, and biomechanical analyses.
Insufficient implant stability could hamper the implant osteoconductive capacity, resulting in impaired healing, and implant loss (Brunski, 1992; Szmukler-Moncler, Salama, Reingewirtz, & Dubruille, 1998) . Many factors could affect primary stability, including bone quantity and quality, implant macro-and micro-geometry, and surgical technique (Boustany, Reed, Cunningham, Richards, & Kanawati, 2015; O'Sullivan, Sennerby, & Meredith, 2000) .
Undersized drilling is one of the most common surgical procedures to improve implant primary stability. With this technique, the implant osteotomy is substantially narrower than the implant diameter (Friberg et al., 1999) . It has been reported that increased lateral bone compression during implant placement into an undersized site results in higher insertion torque (ITQ), which may be an indicator for improved primary stability (Tabassum, Walboomers, Wolke, Meijer, & Jansen, 2010) .
However, a recent systematic review (Stocchero et al., 2016) suggests that higher lateral bone compression does not always result in enhanced mechanical stability and enhanced osseointegration. One study pointed out that implant insertion in underprepared sites provokes ischemia, osteocytes necrosis, and generates micro-fractures in the bone (Cha et al., 2015) . It is well known that damaged cortical bone is replaced by the remodeling healing pathway via the action of Basic Multicellular Units (BMUs). Resorption process creates temporary pores in the peri-implant bone known as the remodeling space (Martin, 2000) .
Remodeling occurs at the implant interface and at peri-implant bone presumably being affected by static strain (Slaets, Carmeliet, Naert, & Duyck, 2006) . However, the extent of this process comparing different drilling protocols using implants with the same macro-and micro-design was never assessed. It might be assumed that a poorly vascularized tissue, as in dense cortical bone, could undergo a vast structural rearrangement after a great amount of compression.
Thus, the aim of this pre-clinical study was to investigate the extent of cortical bone remodeling and its influence on osseointegration in sheep mandible between two different drilling protocols by means of histomorphometric, micro-morphometric, and biomechanical analyses. This animal model has been previously used, as it resembles bone-remodeling process in humans (Atkinson, Spence, Aitchison, & Sykes, 1982; Calcagno, 2011; Turner, 2002) .
| MATERIAL S AND ME THODS

| Surgical procedures
This animal study has been approved by the ethical committee of Six female Finnish Dorset sheep (mean age of 5 years and 4 months; mean weight of 60.9 kg) were acquired and housed together in the animal research facility stable for 1 week prior to surgery. 48 AstraTech Implant System EV (3.6 mm × 6 mm, DentsplySirona, Mölndal, Sweden) were inserted into the inferior border of the mandible body, which consisted of approximately 3-4 mm of cortical bone.
Surgical procedures were performed under general anesthesia.
Animal sedation was induced by means of ketamine (Imalgene ND by Merial, Merial SAS, Villeurbanne, France) and diazepam (Valium ND by Roche, Roche, Boulogne-Billancourt, France). After endotracheal intubation, anesthesia was maintained by inhalation of 2.5% isoflurane (Forane®/Forene®, Drägerverk AG, Lübeck, Germany). The surgical field was shaved and disinfected with ethanol 40% alcohol and 0.5% chlorhexidine solution.
After skin incision and dissection of the muscular plane, the inferior and lateral border of the mandibular body and ramus was exposed with a periosteal elevator. Implant sites were prepared at a distance of 10 mm according to two drilling cortical protocols, which differed for the coronal portion. The maximum bone strains were approximated by the ratio between undersized dimension and the diameter of the drill hole. Drilling sequence was performed as follows:
• Group A (test): undersized preparation. 1.9 mm twist drill was followed by 2.5/3.1 mm step drill. 2.5 mm length of the coronal cortical bone was prepared to 3.3 mm (0.3 mm undersized preparation induced approximately a bone strain of 0.09).
• Group B (control): non-undersized preparation 1.9 mm twist drill was followed by 2.5/3.1 mm step drill. 2.5 mm length of the coronal cortical bone was prepared to 3.6 mm (0 mm undersized preparation induced 0 bone strain).
Each side of the mandible received two test and two control osteotomies after computer-generated randomization (Figure 1a ).
Right side of the mandible was operated first with four implants (two test and two control), and after 5 weeks, the left side was operated using the same implant drilling protocols. This approach resulted in balanced surgical procedures that allowed the comparison of the same number of implant per group, per time in vivo and per
animal.
The bone preparation, underneath the coronal 2.5 mm micro-threaded portion had 0.5 and 0.8 mm discrepancy between the external diameter of the implant and the osteotomy in both groups. All drilling procedures followed manufacturer recommended drilling speed (1,500 rpm) under abundant irrigation with sterile saline. Implant installation was carried out at 25 rpm with profuse irrigation. Implants were installed at the level of the crestal bone. Both drilling procedure and implant installation were performed with SA-310 W&H Elcomed implant unit (W&H, Burmoos, Austria). Implants which ITQ exceeded 80 Ncm during insertion were manually installed using manual torque wrench.
After implant installation and ITQ recording, the flap was closed in two layers using a resorbable suture (Vicryl™, Ethicon®, All animals were euthanized with a combination of 4,000 mg embutramide, 538.4 mg mebezonium, and 87.8 mg tetracaine (T61, Intervet International, Unterschleißheim, Germany). Mandibular bone blocks containing the implants were retrieved.
| Biomechanical analysis
Removal torque (RTQ) measurements of 24 implants, equally distributed per group and time-point were performed in the fresh specimen. After firmly fixing the bone samples, the reverse torque, time and angle of rotation were registered with a calibrated torque measurement device (DR-2112 Lorenz Messtechnik GmbH Germany), using constant speed of 0.03 rpm. The torque device was calibrated in the range of 80-1,800 Nmm with 1 Nmm accuracy.
After RTQ measurements, the implants were unscrewed from the bone. All implant sites were separated into individual bone blocks. Bone blocks were thereafter immersed in 10% buffered formalin solution and dehydrated in a series of alcohol solutions ranging from 70% to 100% ethanol. Following dehydration, samples were embedded in a methacrylate-based resin.
| µ-CT analysis
The bone blocks from the RTQ test were examined using µ-CT (Skyscan 1176, Brucker, Kontich, Belgium) to evaluate tissue micro-architecture.
Scans were acquired at 50 kV and 500 µA, using aluminum filter. The pixel size was set at 17.59 µm and the exposure time at 225 ms. Images were rotated so that the axis of the implant site was perpendicular to cross-section plane. Three-dimensional images were reconstructed, using NRecon (Bruker, Kontich, Belgium) processed with Data Viewer (Bruker, Kontich, Belgium) and analyzed with CTAn (Bruker, Kontich, Belgium). Morphometric analysis was performed on binary images after segmenting the original micro-CT volume. Due to the high contrast between cortical bone and soft tissues, a simple threshold-based segmentation was performed. In all samples, the lower level of the signal intensity of bone in the gray-scale histogram was selected to 85/256. Bone segmentation was calculated considering the coronal 2.5 mm only, which corresponded to 145 µCT slices ( Figure 1b) . The entire volume considered was comprised in the cortical layer. Volume of interests (VOI) were calculated to assess bone volume (BV) and total tissue volume (TV). BV was calculated as the amount of mineralized bone tissue.
TV is the volume of the whole selected VOI. Three cylindrical VOI of the surrounding bone were calculated in the regions of 0-1.5 mm from implant outer diameter as showed in Figure 1c . Each VOI had a thickness of 0.5 mm. The following volumes were considered: VOI1 (inner), VOI2 (middle), and VOI3 (outer). VOItot was calculated as the total volume of the three regions (range 0-1.5 mm). Bone F I G U R E 1 (a) Overview of the surgical field after implant installation. Macro-cracks of the cortical bone can be observed along mandible longitudinal direction. (b) Three-dimensional reconstruction of the peri-implant cortical bone. The geometry selected for the analysis was a hollow cylinder 2.5 mm height and 1.5 mm thick (inner radius of 3.6 mm, corresponding to the implant size). (c) Cross-sectional view of a bone block after segmentation. VOI1, VOI2, and VOI3 were considered at a distance of 0.5, 1.0, and 1.5 mm from implant external line. VOItot was considered as the total volume. (d) One side peri-implant bone area from one histologic section. ROI1, ROI2, and ROI3 were considered at a distance of 0.5, 1.0, and 1.5 mm from implant external line. ROItot was considered as the total volume. Both sides were considered, and average value was calculated. Original magnification 20×
Volume Density (BV/TV) was calculated for each volume. This parameter measures the ratio of the mineralized tissue in the VOI.
| Histology and histomorphometric analysis
On the remaining 24 samples, histologic preparation was carried out.
The samples were cut en-bloc and placed in 4% formaldehyde for 24 hr; thereafter, they were placed in a series of dehydration and infiltration baths and embedded in light-curing resin (Technovit 7200 VLC; Heraeus Kulzer Wehrheim, Germany). The blocks then were cut into slices with a precision diamond saw (Exakt Apparatebau, Norderstedt, Germany), aiming at the central portion of the implant.
The section was glued to acrylic plates with an acrylate-based cement and then reduced to a final thickness of approximately 30 µm by means of a series of abrasive papers.
The sections were observed using a light microscope with a digital imaging system (BZ-9000 KEYENCE, Osaka, Japan) and examined using an image-analysis software (Image J v. 1.43u; National Institute of Health). All sections were stained with toluidine blue and pyronin G staining. With this dye technique, newly-formed bone can be identified, as it stains dark blue, while old bone stains light blue (Schwarz et al., 2006) . Only the most coronal 2.5 mm of the bone was consid- 
| Statistical analysis
Data management and statistical analysis were performed using IBM SPSS Statistics for Mac, v. 22 on the following outcomes: RTQ, TotBIC, newBIC, BV/TV, BAFO. Implant site was used as unit. Same healing period data from test and control were analyzed with paired t test and Wilcoxon signed-rank to reduce the effect of the animal.
The data were verified if it could be assumed to fit normal distribution. newBIC did not resulted normally distributed, thus Wilcoxon signed-rank test was applied. Paired t test was performed for the remaining variables. Changes in RTQ over time were tested using paired t tests. The level of significance was set at = 0.05. Bonferroni correction for multiple comparisons (factor of 4) was adopted according to the number of subgroups for BAFO and BV/TV. 
| RE SULTS
| RTQ
Removal torque values are presented in Figure 3 . 
| Histomorphometric results
Descriptions of histologic observations are given in Figure 2 . Results of the histomorphometry are shown in Figure 3 and 
| µ-CT analysis
Results from µ-CT analysis are shown in Table 2 . At 5 weeks, Group B presented higher BV/TV (paired t test) value at VOI2 (p = 0.012) and VOI3 (p = 0.004) and VOItot (p = 0.008). No differences were noted at 10 weeks (paired t test).
| D ISCUSS I ON
In the present study, undersized drilling was compared with non-undersized drilling in terms of biological cortical bone response and implant removal torque.
Besides established parameters for osseointegration, such as BIC and RTQ, the present study examined how peri-implant bone was affected by the remodeling activity. For this scope, a quantification of mineralized bone present in standardized three-dimensional (VOI) and two-dimensional (ROI) spaces in the proximity of the implant was performed. According to the results, it could be suggested that the drilling technique has a significant impact both on the interfacial cellular reactions and on the circumferential peri-implant bone tissue. Nevertheless, the osseointegration process was not compromised by undersized preparation procedure.
Total BIC was similar in undersized and non-undersized groups;
however, a distinction from a qualitative point of view has to be made between the two groups. It is known that the instrumentation technique has significant influence on bone healing pattern (Campos et al., 2012; Coelho, Jimbo, Tovar, & Bonfante, 2015; Tabassum, Meijer, Walboomers, & Jansen, 2014) . Accordingly, Group B showed higher newBIC at 5-Weeks, as chamber between micro-threads were gradually filled with woven bone (Figure 2d ). The formation of this highlycellular with relative low-mineral content tissue took place from the time of implant installation and evolved into a more organized lamellar mature structure at 10 weeks. The great amount of compression generated during implant insertion of Group A provoked bone diffuse damage resulting in large necrotic areas in contact with implant surface still present at 5 weeks of healing (Figure 2c ).
Previous studies have indicated that there exists a narrow zone of dead osteocytes in peri-implant bone after bone drilling preparation and implant insertion (Futami et al., 2000; Shirakura et al., 2003) .
Besides, this zone of dead osteocytes is significantly increased if
undersized technique is applied (Cha et al., 2015) .
As indicated by the presence of osteoclasts and osteoblasts (Figure 2c ), this tissue was replaced. As a consequence, only limited areas of dead bone were observed at 10 weeks.
The secondary stability was evaluated with removal torque, which considered the biomechanical interlocking along the entire implant surface in contact with cortical bone. The stresses created in Group A can be only partially dissipated with the generation of bone diffuse damage (Diab & Vashishth, 2005; Martin & Burr, 1982) .
Moreover, the appearance of micro-cracks could have impaired bone mechanical properties, thus reducing implant stability and viscoelastic stress relaxation of bone (Halldin et al., 2014) . The presence of a remarkable ongoing remodeling process at 5 weeks indicates that
BMUs were activated to replace damaged pre-stressed bone (Perren et al., 1969) . When the resorption occurs at bone-to-implant interface, the stability is expected to decrease. However, the higher RTQ value observed in Group A at 5 weeks might be explained by the residual compression present in the bone. The remodeling process was still ongoing and damaged pre-stressed bone was not completely removed. At 10 weeks of healing, no difference on RTQ was present between groups indicating that pre-stressed bone was replaced with non-pre-stressed bone. At the same time, a significant increase of F I G U R E 2 Histologic sections of cortical bone. (a) Group A 5 weeks: Numerous micro-cracks are present (black harrow), proceeding from the implant surface (thread crest) along lamellar direction. Several remodeling lacunae (red arrow) could be observed along micro-cracks. More lacunae were likely to be found in the proximity of the implant; however, they could be observed even at great distance from implant surface. RTQ value was observed in Group B between 5 and 10 weeks, due to the complete maturation of the newly-formed bone.
One of the initiating factors for bone remodeling is excessive strain (Burr, Martin, Schaffler, & Radin, 1985) . In this experimental setup, Group A bone strain was approximately 0.09, thus exerting beyond the cortical ultimate bone strain limit before substrate breakage, which is around 0.02 (Halldin et al., 2014) . Accordingly, micro-cracks were evident in the histologic preparations (Figure 2a ).
With the process of remodeling, damaged osteocytes promote cells activation and guide the movement of BMUs through the cortex (Eriksen, 2010) . Osteoclasts resorption is directed to the principal stress direction, but also toward micro-damage, depending on its proximity (Martin, 2007) . Resorption occurs in linear planes, creating elongated tunnels-known as remodeling spaces-which constitutes the Haversian canal formation for secondary osteons. (Martin, 2000) .
With the µCT evaluation, an accurate three-dimensional model of the specimen can be obtained (Gramanzini et al., 2016) . Reconstructions of remodeling spaces appeared to be directed along longitudinal direction (Figure 4) , supposedly due to inter-lamellar debonding (Mohsin, O'Brien, & Lee, 2006; Prendergast & Huiskes, 1996) . These cavities are allegedly composed by BMUs provided by large vascular compartments (Slaets et al., 2006) . Interestingly, the direction of lacunar spaces lies perpendicularly to implant axis, according to stress trajectories of force (Ralph, 1975) . The relationship between the direction of stress lines, bone anatomy, and surgical technique might influence the osseointegration process. Supposedly, unfavorable cracks after under drilling might be expected in jaw regions, in which stress lines are vertical, thus parallel to implant axis. In such areas, which are portions of the maxilla (Lehman, 1973) , bone resorption might follow, leading to unsuccessful outcome from aesthetical point of view. However, further studies are needed for a deeper knowledge in this topic.
From both two-dimensional and three-dimensional analyses, undersized drilling caused the presence of lower bone quantity in the peri-implant tissue at 5 weeks. The lower bone quantity is a consequence of increased presence of large lacunae, and a greater amount of bone that was undergoing remodeling compared to control. It is noticeable that even the most distant volume from implant surface (VOI3) was influenced by undersizing. Evaluation on more distant bone, beyond 1.5 mm was not possible due to the dimensional limitation of the samples. Since 5 weeks, bone ratio resulted to be similar between group A and B in the implants most adjacent region (VOI1 and ROI1), it is reasonable to suppose that surgical trauma have had a predominant effect on bone healing at such vicinity from the implant, regardless of the drilling protocol (Cha et al., 2015) .
At 10 weeks, no further differences in the remodeling spaces could be observed. This may be a part of the biological process as total remodeling time for bone in sheep has been shown to complete in approximately 12 weeks (Calcagno, 2011) , hence the minimum remodeling activity is understandable. One of the limitations of the present study was that removing the implants before taking the µCT could have generated additional bone damage, thus creating artifacts. Nevertheless, this procedure seemed not to affect the results, as previously reported (Slaets et al., 2006 (Slaets et al., , 2007 . In effect, histologic analysis-whose implants were not removed-showed similar results.
Moreover, it should be kept in mind that a single type of implant was used in this study. Thus, the exact combination between implant design and drilled site may be different with other implant systems.
However, the effects obtained in the test group may be observed whenever an excessive circumferential compression is dispensed to the cortical layer. Bold numbers indicate statistically significant differences.
However, the major remodeling process did not hamper the osseointegration, as all implants healed uneventfully.
| CON CLUS IONS
Within the limitations of the present animal study, the results indicated that dental implants inserted into undersized sites provoked major remodeling of the cortical bone compared to non-undersized preparations. A greater amount of remodeling spaces is detectable even at 1.5 mm of distance from implant surface after 5 weeks of healing. However, in the absence of negative factors, the large cortical composition, as in this study, has the capacity to compensate the mechanical damage after undersized implant placement and thus maintaining rotational stability and loadbearing capacity. Moreover, rotational stability is maintained throughout the healing period.
After 10 weeks, the remodeling activity is almost completed and no differences were observed.
ACK N OWLED G EM ENTS
The authors are grateful to Benoit Lecuelle and Thomas Lilin from Ecole Nationale Vétérinaire d'Alfort, Paris, France and Yoko Henmi from Tokushima University, Tokushima, Japan for their valuable help.
CO N FLI C T O F I NTE R E S T
The authors Michele Stocchero, Marco Toia, Yohei Jinno, Francesca
Cecchinato, Jonas P Becktor, Naito Yoshihito, and Ryo Jimbo declare that they have no conflict of interests. Anders Halldin is employed at Dentplsy Sirona Implants.
O RCI D
Michele Stocchero
http://orcid.org/0000-0002-9144-3442 F I G U R E 4 Three-dimensional reconstruction, of boneremodeling spaces around implant cavity. Elongated tunnels which are directed in longitudinal direction are the result of the combined action of cracks and remodeling process. The image was obtained with CTAn software (Bruker, Kontich, Belgium) 
